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ABSTRACT
Rentuma, Gabrielle. Comparison of Socket Suspension Systems During Stair Ascent in
Individuals with Transtibial Amputation. Unpublished Master of Science thesis,
University of Northern Colorado, 2018.
Socket suspension systems have an important role in an amputee’s ability to
perform activities of daily living. There are three common modes of suspension used to
attach the prosthetic foot to the residual limb including lock and pin (PIN), suction, and
vacuum suspension systems. A new vacuum suspension system has been developed, the
PUCK, which has a vacuum system internal to the socket and maintains pressure
throughout the residual limb. Previous literature has focused on the role of suspension
during over-ground walking but few have examined the effects during a more difficult
task such as stair ascent. The purpose of this thesis was to understand if differences exist
between PIN and PUCK suspension systems during stair ascent.
Five male unilateral transtibial amputees participated in this study. The task was
analyzed in two phases: GROUND (stride from level ground to second step) and STAIR
(stride from first to third step). The participants attended two sessions; one with each
suspension system (PIN and PUCK). Motion and forces between foot and GROUND
(STAIR) were measured. Data analysis resulted in numerous kinematic and kinetic
measures during each stride. Differences between limbs and between suspension systems
were examined. The only difference between suspension systems was knee range of
motion (ROM) during steps on the GROUND. The PUCK knee ROM was reduced
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compared to the PIN knee ROM, and this could be related to the neoprene sleeve worn
with the PUCK system. A hip-dominant strategy was utilized by the transtibial amputees
(TTA) for both GROUND and STAIR. The utilization of the hip of the amputated limb is
a compensation strategy used by TTA since there is a reduction of knee ROM and ankle
power of the amputated limb. Inter-limb differences were still present during both steps
on the GROUND and STAIR regardless of suspension system. This study contributes to
the body of literature by the uniqueness of the tasks analyzed (GROUND and STAIR)
and the comparison between suspension systems. Future directions should focus on TTA
of similar qualities to better understand the influence of suspension systems during steps
on the GROUND and STAIR.
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CHAPTER I
GENERAL INTRODUCTION
About 2 million individuals in the United States are living with lower-limb loss
due to dysvascular disease, trauma, and cancer (Ziegler-Graham, MacKenzie, Ephraim,
Travison, & Brookmeyer, 2008). The loss of a limb can impact an individual’s emotional
(Batten, Kuys, McPhail, Varghese, & Nitz, 2015; Sinha, van den Heuvel, & Arokiasamy,
2017), physical (Batten et al., 2015; Sinha et al., 2017), and financial (Batten et al., 2015;
Dillingham, Pezzin, & MacKenzie, 2002; Sinha et al., 2017) well-being.
Activities of daily living such as over-ground walking and stair ambulation are
important tasks for an individual to perform independently. For a transtibial amputee
(TTA), these tasks can be challenging. Following an amputation, individuals are
prescribed a prosthetic to assist with carrying out activities of daily living. The
components of a prosthesis for a TTA include: a socket, liner, prosthetic foot, and
suspension system. The socket connects the residual limb to the prosthesis and is
designed by indenting around regions where individuals can bare more loads, which this
is often around the patellar tendon region. The liner acts as a protective barrier between
the socket and residual limb to prevent skin abrasions, and provides cushioning to the
limb. The prosthetic foot is designed to mimic the function of a real foot by providing
degrees of freedom (DOF) similar to a non-amputee ankle and assist with ambulation.
The suspension system refers to how the prosthetic is physically attached to the residual
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limb. There are three main types of socket suspension systems available: lock and pin
(PIN), suction, and vacuum (Beil & Street, 2004).
PIN suspension system attaches the residual limb to the socket through a metal
pin extending from the distal end of the liner that locks into a mechanical lock at the
distal end of the socket (Beil & Street, 2004). An appealing characteristic of the PIN
suspension system is the ease of donning and doffing the prosthesis (Gholizadeh, Abu
Osman, Eshraghi, & Ali, 2014). To remove this system, the individual simply presses a
button to release the pin from the mechanical lock. TTA are typically more satisfied with
the PIN due to the ease of donning and doffing the prosthesis (Gholizadeh, Abu Osman,
Eshraghi, & Ali, 2014). Previous studies have reported an increase in pistoning (vertical
movement of the residual limb within the socket) (Klute et al., 2011); pain and
discomfort (Beil & Street, 2004; Eshraghi et al., 2014); and skin changes as a result from
wearing the PIN (Beil & Street, 2004; Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014).
A suction suspension uses a one-way valve at the distal end of the socket to create
vacuum around the distal portion of the residual limb allowing the liner to be anchored to
the socket (Beil & Street, 2004). Although, the suction suspension system is similar to the
vacuum suspension system, only the distal end of the residual limb is under suction, thus,
this design can subject different areas of the residual limb to volume fluctuations.
The vacuum suspension system requires a neoprene sleeve that extends over the
proximal end of the socket to the distal end of the thigh (in TTA) so the vacuum seal can
be created through an active pump (Ferraro, 2011; Street, 2006). Due to the similar
properties between vacuum and suction suspension systems, the suction system was not
evaluated in this study. A potential benefit of vacuum suspension is residual limb volume
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stability (Board, Street, & Caspers, 2001; Gerschutz, Denune, Colvin, & Schober, 2010;
Street, 2006), which is achieved through the vacuum creating a negative pressure within
the socket interface (Beil & Street, 2004; Beil, Street, & Covey, 2002). In addition to
maintaining volume within the residual limb, vacuum has also been shown to reduce skin
complications of the residual limb due to negative pressures within the socket (Beil et
al., 2002; Beil & Street, 2004).
The SmartPuck (PUCK) is a newly designed adaptable vacuum suspension
system that allows users to communicate with the system (via smart phone) to adjust the
vacuum of the system to maintain a comfortable fit. Unlike current suspension systems
that are susceptible to lose pressure (Ferraro, 2011; Komolafe, Wood, Caldwell, Hansen,
& Fatone, 2013), the PUCK is designed to sit internally within the socket to prevent any
air leakage that occurs in traditional vacuum suspension systems where the pump is
housed externally to the socket. By housing the SmartPuck™ within the socket and
eliminating points for air leakage, the volume of the limb is maintained more consistently
than other vacuum systems.
Previous research related to suspension systems has focused on over-ground
walking and has highlighted differences between systems (Board et al., 2001; Eshraghi et
al., 2014; Ferraro, 2011; Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014). Since
differences exist during over-ground walking, differences could exist during a more
difficult task such as stair ascent. Previous over-ground walking literature has reported
asymmetries in step length, stance time, swing time and GRF (Gholizadeh, Abu Osman,
Eshraghi, & Ali, 2014).
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Stairs are a common activity of daily living and the ability to effectively ascend a
staircase is important to maintain an individual’s level of independence. Falls and fear of
falling are a common concern of lower-limb amputees (Miller, Speechley, & Deathe,
2001). To avoid the occurrence of falls, amputees must be able to negotiate uneven
surfaces and this ability can be difficult for amputees. Compared to age-matched, nonamputees, TTA are at an increased risk of falling while walking on level surfaces
(Vanicek, Strike, McNaughton, & Polman, 2009) and this risk increases while ascending
stairs (Ramstrand & Nilsson, 2009).
Stair ascent for TTA is characterized by a slower velocity (Powers, Boyd,
Torburn, & Perry, 1997; Ramstrand & Nilsson, 2009), increased step width (Ramstrand
& Nilsson, 2009), and stance asymmetries between the amputated and intact limb in
individuals with TTA (Powers et al., 1997; Ramstrand & Nilsson, 2009; Torburn,
Schweiger, Perry, & Powers, 1994). There is a significantly greater mean stance time for
the intact limb (~70% of the gait cycle) compared to the amputated limb (~60% of the
gait cycle) with the greatest difference in stance asymmetries observed during single-limb
support (~40% of the gait cycle for the intact limb; ~30% of the gait for the amputated
limb) (Powers, Rao, & Perry, 1998; Torburn et al., 1994). The decrease in single-limb
support time for the amputated limb while ascending stairs suggests TTA are unstable
with the amputated limb compared to the intact limb. During swing, there is less time
spent in this phase for the intact limb (31.4% of the gait cycle) compared to the
amputated limb (39.3% of the gait cycle) (Torburn et al., 1994). In addition, TTA spend
more time in double-limb support (~20% of the gait cycle) compared to non-amputees
(~15% of the gait cycle).
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The differences observed in spatiotemporal parameters could be explained by
kinetic and kinematic adaptations. TTA have a similar biphasic pattern in the vertical
ground reaction force (VGRF) as non-amputees, however differences exist in the
amplitude of the force between intact and amputated limbs (Schmalz, Blumentritt, &
Marx, 2007). Schmalz et al. (2007) reported a 45% increase in force generation for the
intact limb compared to the amputated limb at initial contact during stair ascent. This
results in an asymmetric loading pattern between limbs and suggests TTA do not feel
comfortable loading the amputated limb. The horizontal force is relatively smaller for
non-amputees (Riener, Rabuffetti, & Frigo, 2002) and TTA (Schmalz et al., 2007) during
stair ascent than level-ground walking. The reduction in force could be due to the
increased vertical motion to move the center of mass up the staircase.
Stair ascent requires an increased range of motion at the knee and hip than levelground walking and stair descent (Andriacchi, Andersson, Fermier, Stern, & Galante,
1980; Riener et al., 2002). The biggest difference during stance of the amputated limb is a
reduction in knee flexion at initial contact by approximately 7° compared to the intact
limb and able-bodied individuals (Schmalz et al., 2007). The remainder of stance phase
with the amputated limb has a similar motion as non-amputees (Powers et al., 1997;
Schmalz et al., 2007). During swing of TTA, the knee follows a similar motion as nonamputees with maximum knee flexion occurring during this phase (Aldridge, Sturdy, &
Wilken, 2012; Powers et al., 1997). At the hip, Powers et al. (1997) observed the greatest
difference in hip flexion angle between TTA (22°) and non-amputees (9°) occurred about
50% of the gait cycle. The increase in hip flexion angle in TTA could be a strategy
utilized to prepare for swing since the ankle (prosthetic foot) lacks the ability to dorsiflex
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and clear the intermediate step. During swing of TTA, the hip follows a similar motion as
non-amputees (Aldridge et al., 2012; Powers et al., 1997).
During stance with the amputated limb, there is a significantly reduced external
knee flexion moment (-0.28 ± 0.20 Nm/kg) compared to the increased external knee
flexion moment (-1.25 ± 0.16 Nm/kg) with the intact limb and non-amputees (-1.05 ±
0.26 Nm/kg) (Schmalz et al., 2007). Knee extension during stance in non-amputees
highlights the significance of the knee extensors to raise the individual’s center of mass
(COM) and maintain their vertical position to pull themselves up on the step. Previous
research in non-amputees has reported the knee extensors have the greatest contribution
during the pull-up phase of stair ascent (Andriacchi et al., 1980; McFayden & Winter,
1988). At the hip, there is an increased hip flexor moment (1.02 ± 0.18 Nm/kg) compared
to the intact limb (0.60 ± 0.18 Nm/kg) and non-amputees (0.68 ± 0.13 Nm/kg) during
stance with the amputated limb. There is an increase in the magnitude of the moments
with the amputated limb compared to the intact limb, and suggests TTA rely on the hip
extensor muscle to raise their center of mass (Yack, Nielson, & Shurr, 1999).
Stair ascent relies on concentric muscle actions and results in more energy
generation than level-ground walking and stair descent (McFayden & Winter, 1988; Yack
et al., 1999). The knee generates most of its energy during the pull-up phase (~20% of the
gait cycle) for non-amputees (Andriacchi et al., 1980; Wilken, Sinitski, & Bagg, 2011).
During stance with the amputated limb for TTA, there is a reduction in power generation
compared to the intact limb and the knee does not have a large role during stance (Yack
et al., 1999). Similar to the knee, the hip generates most of its power during weight
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acceptance for non-amputees and TTA follow a similar pattern with a reduction in the
amount of power generated (Yack et al., 1999).
A majority of literature on stair ascent has focused on kinetic and kinematics
changes after stair ascent has been initiated; there have been few studies investigating the
contralateral limb transitioning from the ground (i.e. floor) to the second step on the
staircase. The approach to stair ascent resembles knee and hip angle profiles of levelground walking (Andriacchi et al., 1980). There has been little research on the ground
limb in TTA.
Previous literature has focused on other components of the prosthesis such as feet
(powered and unpowered) (Torburn et al., 1994; Yack et al., 1999), however there have
been no studies that discuss the influence of suspension systems during stair ascent. The
differences between suspension systems during walking have been documented (Board et
al., 2001; Eshraghi et al., 2014; Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014; Klute et
al., 2011), which suggests these differences could exist during stair ascent.
The purpose of this master’s thesis was to compare PUCK and PIN suspension
systems during stair ascent. Investigating the role of suspension systems during stair
ascent could provide insight for gait rehabilitation programs, prosthetic design, and
mechanisms utilized by TTA to ascend the stairs.
H01

It was hypothesized no differences would exist between the PUCK and
PIN suspension systems during stair ascent in spatiotemporal variables,
angles moments, and powers.
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CHAPTER II
REVIEW OF LITERATURE
It was estimated 1.6 million individuals were living with lower-limb loss in 2005
and by 2050 this number is expected to double to 3.2 million (Ziegler-Graham et al.,
2008). Lower limb loss can result from dysvascular disease (54%), trauma (45%),
malignancy (2%), and congenital abnormalities (0.8%) (Dillingham et al., 2002; ZieglerGraham et al., 2008). Lower limb loss can occur at any level on the limb, however,
transtibial amputation (TTA), account for ~30,000 of lower-limb amputations (LLA)
(Skinner & Effeney, 1985).
Individuals with amputation face adverse effects such as decreased physical
activity (Amtmann, Morgan, Kim, & Hafner, 2015; Desveaux et al., 2016; Paxton,
Murray, Stevens-Lapsley, Sherk, & Christiansen, 2016), dissatisfaction with the
prosthetic system utilized for ambulation (Dillingham, Pezzin, MacKenzie, & Burgess,
2001; Safari & Meier, 2015), and comorbidities such as osteoarthritis (Amtmann et al.,
2015; Batten et al., 2015; Gailey, 2008). The development of comorbidities results from
adapting to lower-limb loss and long-term prosthetic use (Gailey, 2008).
Individuals with unilateral TTA have demonstrated an asymmetrical gait cycle,
increased stance time on the non-amputated limb, increased swing time on the amputated
limb, and longer step length on the amputated limb. A few studies have investigated the
influence of suspension systems on gait of individuals with TTA (Board et al., 2001;
Sanders, Harrison, Allyn, & Myers, 2009; Xu, Greenland, Bloswick, Zhao, &
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Merryweather, 2017). Literature suggests improving the connection of the socket to the
residual limb has been correlated to reducing inter-limb asymmetries in people with TTA
(Board et al., 2001; Sanders et al., 2009; Xu et al., 2017). Individuals with TTA have
shown while wearing a vacuum suspension system at higher vacuum levels results in a
more symmetrical gait cycle. This suggests maintaining a constant pressure can improve
this populations gait pattern (Board et al., 2001; Sanders et al., 2009; Xu et al., 2017).
However, little research has been conducted on socket suspension systems during
different functional tasks such as walking and stair ascent.
Suspension Systems
Following an amputation, individuals are generally prescribed a prosthetic to
assist with ambulation. For individuals with TTA, the components of a prosthetic
typically include: a socket, liner, prosthetic foot, and suspension system. The socket
connects the residual limb to the prosthesis and is designed by indenting regions where
individuals can bare more loads, which this is often around the patellar tendon region.
The liner acts as a protective barrier between the socket and residual limb to prevent skin
abrasions, and provides cushioning to the limb. The prosthetic foot is designed to mimic
the function of a real foot by providing degrees of freedom (DOF) similar to a nonamputee ankle and assist with ambulation. The suspension system refers to how the
prosthetic is physically attached to the residual limb. There are multiple types of socket
suspension systems available. Several studies have focused on the effects of foot type on
ambulation; however, socket suspension system type has received less attention.
It has been suggested the suspension system and socket are the most important
components of the prosthetic because both are directly in contact with the residual limb
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(Gholizadeh, Abu Osman, Eshraghi, Ali, Arifin, & Abas, 2014). Currently, there are three
main modes of suspension systems: lock and pin (PIN), suction, and vacuum (Powers et
al., 1997; Ramstrand & Nilsson, 2009).

Figure 2.1. Illustrates an example of the Lock and Pin Suspension System.
Adapted from Amputee Supply Inc, 2018.
PIN suspension systems attach the residual limb to the socket through a metal pin
extending from the distal end of the liner that locks into a mechanical lock at the distal
end of the socket (Beil & Street, 2004) (Figure 2.1).
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Figure 2.2. Illustrates an example of a Suction Suspension System. Adapted from
Ottobock, 2017.
A suction suspension system uses a one-way valve at the distal end of the socket
to create a vacuum around the distal portion of the residual limb allowing the liner to be
anchored to the socket (Beil & Street, 2004) (Figure 2.2). Although, the suction
suspension system is similar to the vacuum suspension system, only the distal end of the
residual limb is under suction thus this design can subject different areas of the residual
limb to volume fluctuations.
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Figure 2.3. Illustrates an example of a Vacuum Suspension System. Adapted from
Ottobock, 2019.
The vacuum suspension system requires a neoprene sleeve that extends over the
proximal end of the socket to the distal end of the thigh (in TTA) so the vacuum seal can
be created through an active pump (Ferraro, 2011; Street, 2006) (Figure 2.3). The suction
suspension system uses a one-way valve at the distal end of the socket to create pressure
between the residual limb and socket. The suction suspension system is not used in this
study due to the similar properties of applying pressure between suction and vacuum
suspension systems; therefore, it was thought there might be more differences between
PIN and vacuum systems.
Technology continues to work towards providing a better connection between the
residual limb and the prosthetic but prosthetists face a challenge of creating a feasible
interface between the socket (rigid material) and a changing surface with a variety of
properties (residual limb) (Safari & Meier, 2015). Regardless of suspension system, those
with LLA continue to report discomfort while wearing their prosthetic (Gailey, 2008).
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Lock and Pin Suspension System
There are multiple considerations when choosing a socket suspension system. The
ability to don and doff the prosthesis easily has been shown to be an important factor in
prosthetic use (Gagnon-Gautheir, Grise, & Potvin, 1999). An appealing characteristic of
the PIN suspension system is the ease of donning and doffing the prosthesis (Gholizadeh
Abu Osman, Eshraghi, & Ali, 2014). Users simply need to press a button to release the
pin from the socket. The relationship between the socket and suspension system is highly
important due to fluctuations in the residual limb volume throughout the day. These limb
volume changes can be an obstacle for prosthetists when trying to achieve proper socket
fit (Beil et al., 2002; Board et al., 2001; Gerschutz et al., 2010; Goswami, Lynn, Street, &
Harlander, 2003; Zachariah, Saxena, Fergason, & Sanders, 2004).
A technique used by TTA to combat volume loss while wearing a PIN system, is
adding ply (similar to socks) over the residual limb (Beil et al., 2002; Board et al., 2001;
Gerschutz et al., 2010; Sanders et al., 2009). The addition of more ply throughout the day
can be a hindrance to amputees because of the need to don and doff the prosthesis
multiple times per day (Klute et al., 2011). Furthermore, an increase in pistoning (vertical
movement of the residual limb within the socket) has been associated with PIN
suspension systems more than vacuum suspension systems (Klute et al., 2011).
A proper-fitting prosthesis results in the effective transfer of forces from the
socket to the residual limb (Xiaohong, Ming, & Lee, 2003). The effective transfer of
force is necessary so tissue damage is minimized and amputees can perform daily tasks
without pain (Xiaohong et al., 2003). Pain and discomfort have been reported while
wearing the PIN suspension system which can result in short and long-term skin changes
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(Beil & Street, 2004; Eshraghi et al., 2014). For example, during the swing phase of gait,
a tension is applied distally while compression is applied proximally causing a short-term
redness on the distal end of the stump, a phenomenon referred to as “milking” (the
stretching of the skin at the distal end of the limb) (Beil & Street, 2004). If short-term
effects are not addressed, this phenomenon can further develop into permanent long-term
problems such as hyperplasia, distal bulbous shape, thickening of the distal skin, (Beil &
Street, 2004; Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014). The combination of
pressures created during gait with the PIN could be a contributing factor to skin diseases
such as edema (limb swelling) and skin ulcers (pressure sores) (Beil & Street, 2004;
Levy, 1995; Salawu, Middleton, Gilbertson, Kodavali, & Neumann, 2016).
Vacuum Suspension System
A suspension system that can maintain pressure within the socket and liner might
improve overall residual limb health by increasing tissue perfusion and improving
circulation thereby reducing the amount of limb volume loss throughout the day. Vacuum
suspension systems have shown to provide a better connection between the prosthetic and
residual limb. Individuals who have switched to a vacuum suspension have anecdotally
expressed the prosthetic feels like it is a part of the residual limb and there is more
control with the leg (Street, 2006).
A possible benefit of vacuum suspension is residual limb volume stability (Board
et al., 2001; Gerschutz et al., 2010; Street, 2006). Board et al. (2001) reported a 3.7%
increase in residual limb volume while using a vacuum suspension system (-78 kPa) in
TTA. The results from this study suggest vacuum promotes redistribution of fluid in the
residual limb by drawing more fluid into the limb (Board et al., 2001). Beil et al. (2002)
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found similar results at a high vacuum condition (-69 kPA), which resulted in an average
27% increase in negative pressure during swing and an average 7% decrease in positive
pressure impulse values during stance. Positive pressures during stance are thought to
drive fluid out of the limb while negative pressures during swing are thought to draw
fluid into the limb (Beil et al., 2002).
Positive pressure causes the residual limb volume to decrease, thus, causing a
poor fit in which permits large forces onto the distal end of the limb resulting in to skin
diseases such as edema and venous stasis (Beil & Street, 2004; Board et al., 2001; Levy,
1995). Maintaining negative pressure within the socket interface can result in a secure fit,
thus, decreasing any extra movement within thus decreasing these individuals risk of
these skin complications (Beil et al., 2002; Beil & Street, 2004)
In addition to mitigating volume loss, vacuum suspension systems have also been
shown to reduce skin complications of the residual limb due to negative pressure within
the socket interface (Beil et al., 2002; Beil & Street, 2004). A case study of a transtibial
diabetic amputee reported after two months of using a vacuum suspension, wounds on the
distal end of the stump had completely closed and by three months skin color had
returned to normal (Gerschutz et al., 2010). Thus, a tight seal vacuum suspension create
around the residual limb can result in a secure fit thus decreasing the rate of leakage
occurring in this system and these individuals risk of secondary injuries to their skin
(Board et al., 2001; Ferraro, 2011; Gerschutz et al., 2010; Goswami et al., 2003; Klute et
al., 2011; Street, 2006).
Although, vacuum suspension systems have been known to successfully maintain
the user’s residual limb volume, users have anecdotally expressed dislike with this
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system due to the time constraints of donning (Klute et al., 2011). Klute et al. (2011)
reported five participants had difficulty ambulating with the vacuum suspension system,
thus, leading to decreased activity levels compared to ambulating in the PIN suspension
system. However, this finding is inconsistent with the literature (Board et al., 2001). Most
of the literature has shown individuals with TTA have greater asymmetries while
ambulating in PIN suspension system (Ferraro, 2011; Gholizadeh, Abu Osman, Eshraghi,
& Ali, 2014).
Studies have shown vacuum suspension system provide a secure fit between the
residual limb and socket compared to PIN (Board et al., 2001; Goswami et al., 2003;
Klute et al., 2011; Street, 2006) A better connection with the vacuum system can be seen
by a decrease of pistoning (Eshraghi et al., 2012) with this system. These benefits of the
vacuum suspension system have been shown to lead to an increase in functional ability
(Ferraro, 2011), which can be seen in a decrease in dependence on the non-amputated
limb (Xu et al., 2017). This results in an symmetrical gait cycle (Board et al., 2001),
which can result in increased time spent in the prosthetic and improve the quality of life.
Studies have found symmetry in temporospatial measurements: step length and
stance time, were greatest at the highest vacuum level (20 Hg) compared to the lowest
vacuum pressure level (5 Hg) (Board et al., 2001; Xu et al., 2017). This may be due to the
vacuum promoting volume gain in the residual limb as some studies have suggested
(Goswami et al., 2003; Street, 2006). Maintaining the limb volume within the socket
allows for sufficient fit, which can allow for greater load with amputated limb and create
symmetrical kinematic and kinetic measures.
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SmartPuck

Figure 2.4. Illustrates an example of the SmartPuck™ Suspension System.
Adapted from Adaptec Prosthetics, 2017.
The SmartPuck (PUCK) is a newly designed adaptable vacuum suspension
system that allows users to communicate with the system (via smart phone) to adjust the
vacuum of the system to maintain the fit (Figure 2.4). The PUCK is designed to sit
internally to the socket to prevent any air leakage that occurs in traditional vacuum
suspension systems where the pump is housed externally to the socket. By housing the
SmartPuck™ within the socket and eliminating points for air leakage, the volume of the
limb is maintained more consistently than other vacuum systems. Similar to other
vacuum suspension systems, the PUCK draws blood, lymph, and nutrients to the residual
limb by creating negative pressure within the socket resulting in tissue perfusion. The
PUCK design enables the suspension system not to lose suction throughout the day, thus,
maintaining a secure fit. Furthermore current suspension systems (PIN and vacuum) tend
to lose pressure within the interface, thus, resulting in the residual limb experiencing
some volume fluctuation within these systems (Ferraro, 2011; Komolafe et al., 2013).
This is caused by positive pressure driving fluid out. Vacuum suspension systems are
able to maintain pressure better than PIN but still experience some volume loss due to
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leakage within the hose connecting to the pump externally located. Therefore, a constant
pressure assists with maintaining fit throughout the day since it has been noted changes in
pressure applied to the residual limb can affect limb volume (Beil et al., 2002; Board et
al., 2001).
Another appealing feature of the PUCK is it gives users the ability to make easy
adjustments to the vacuum level throughout the day based on their activity level.
Moreover, the developers are currently working to improve the PUCK to eventually be
able to obtain information such as: amount of steps taken per day, walking speed, and
distance traveled. The information the PUCK provides can give users and prosthetists
more insight into how an amputee utilizes the prosthetic.
Gait
Contrary to the findings of Klute et al. (2011), individuals with TTA have
demonstrated asymmetrical step length between the amputated and non-amputated limb
while wearing a PIN (Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014). In addition to
temporospatial asymmetries, stance time is longer in the non-amputated limb and swing
time is increased in the amputated limb (Gholizadeh, Abu Osman, Eshraghi, & Ali,
2014). Asymmetrical GRF between limbs are also seen while wearing a PIN
(Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014). Vanicek et al. (2009) suggest a
significantly large first peak in the vertical GRF is an indicator for people with TTA who
are at risk for falling. People with TTA have shown while wearing the PIN, users had a
greater first GRF peak (Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014) in which can
contribute to individuals with TTA increased risk of falls in this suspension system
(Ferraro, 2011; Vanicek et al., 2009). Ferraro (2011) indicated people with unilateral
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TTA on average fell more while wearing a PIN suspension system compared to the
vacuum suspension system. This suggests users had an insecure fit within the socket
leading to their falls.
Stair Ascent
Falls and fear of falling are a common concern of lower-limb amputees (LLA)
(Ziegler-Graham et al., 2008). Miller et al. (2001) reported 52.4% of LLA experienced a
fall within the last 12 months, and of those ~75% reported falling two or more times. To
avoid the occurrence of falls, individuals must be able to successfully negotiate uneven
surfaces and this ability can be difficult for amputees. Compared to age-matched, nonamputees, individuals with TTA are at an increased risk of falling while walking on level
surfaces (Vanicek et al., 2009) and this risk increases while ascending stairs (Ramstrand
& Nilsson, 2009). Stairs are a commonly encountered activity of daily living (ADL); the
ability to effectively ascend a staircase is important to maintaining an individuals’ level
of independence.
The differences in level-ground walking in those with TTA have been
documented in literature (Eshraghi et al., 2014; Ferraro, 2011; Gholizadeh, Abu Osman,
Eshraghi, & Ali, 2014; Vanicek et al., 2009) but few studies have examined other
difficult tasks such as stair ascent. Schmalz et al. (2007) was one of the first studies to
conduct a biomechanical analysis of TTA ascending stairs while Vanicek, Strike,
McNaughton, & Polman (2010) characterized kinetic and kinematic differences between
TTA fallers and non-fallers ascending the stairs. Due to the increased demand of stair
ascent and risk of falls during walking on level surfaces in individuals with TTA, it has
been suggested that those with TTA might experience greater difficulties performing this
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task compared to level-ground walking (Powers et al., 1997; Ramstrand & Nilsson, 2009;
Schmalz et al., 2007; Vanicek et al., 2009; Vanicek et al., 2010).
Gait Cycle of Stair Ascent
To understand the difficulties of stair ascent faced by those with TTA, we must
first understand the mechanics of stair ascent in non-amputees. Similar to level-ground
walking, the lower limbs move in a cyclical pattern to ascend stairs (Abbas &
Abdulhassan, 2013). The gait cycle for stair ascent is slightly different than that of
walking: stance phase accounts for ~66% and swing phase accounts for ~34% of the gait
cycle (Abbas & Abdulhassan, 2013; McFayden & Winter, 1988; Zachazewski, Riley, &
Krebs, 1993). Stance phase refers to placing the foot on the step to progress the body up
the staircase and consists of weight acceptance, pull-up, and forward continuance
(McFayden & Winter, 1988; Zachazewski et al., 1993). Swing phase refers to bringing
the leg over the intermediate step but keeping the foot clear of the intermediate step, and
consists of foot clearance and foot placement onto the subsequent step (Harper, 2015;
McFayden & Winter, 1988; Zachazewski et al., 1993). McFayden and Winter (1988)
specified the gait cycle of stair ambulation by having three male individuals of similar
height and weight ambulate five steps without use of the handrail. The study defined the
phases of stair ascent gait cycle as: weight acceptance (moving the body into an optimal
position to be pulled up to the next step); pull-up (single leg support progresses to full
support on the step); forward continuance (ascent of one step is complete and forward
progression continues); foot clearance (the leg is raised to clear the intermediate step);
and foot placement (the swing leg positions the foot onto the above step).
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Stride Characteristics of Stair Ascent
Those with TTA have a slower velocity during stair ascent compared to nonamputees (Powers et al., 1997; Ramstrand & Nilsson, 2009). Vanicek et al. (2010)
observed an increased velocity in TTA fallers during stair ascent compared to TTA nonfallers. This finding suggests the TTA non-faller group performs this task more
cautiously than the TTA faller group by reducing their speed. The increase in speed in the
TTA faller group could make them more susceptible to falls during stair ascent.
Spatiotemporal variables have shown asymmetries are present between the
amputated and intact limb in individuals with TTA (Powers et al., 1997; Ramstrand &
Nilsson, 2009; Torburn et al., 1994). An increase in step width has also been observed in
TTA compared to non-amputees during ascent (Ramstrand & Nilsson, 2009). The
increase in step width indicates a wider base of support is used to improve stability
during ascent.
Stance asymmetries are present between amputated and intact limbs with a
significantly greater mean stance time for the intact limb (~70% of the gait cycle)
compared to the amputated limb (~60% of the gait cycle) during stair ascent (Powers et
al., 1997; Torburn et al., 1994). The greatest difference in stance asymmetries are
observed during single-limb support (SLS) (~40% of the gait cycle for the intact limb;
~30% of the gait cycle for the amputated limb) (Powers et al., 1997; Torburn et al.,
1994). The decrease in SLS time for the amputated limb while ascending stairs suggests
TTAs are unstable with the amputated limb on the stair compared to the intact limb. In
addition, there is also less time spent during swing for the intact limb (31.4% of the gait
cycle) compared to the amputated limb (39.3% of the gait cycle) (Torburn et al., 1994).
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The decreased swing time for the intact limb indicates TTA are instable with the
amputated limb on the step by moving their intact limb quicker through swing onto the
above step. There is also an increase in the amount of time spent in double-limb support
(DLS) in TTA and it accounts for about 20% of the stair ascent gait cycle (GC) compared
to about 15% of the GC for non-amputees (Ramstrand & Nilsson, 2009). There is also a
longer duration in the amount of time spent in double-limb support (IDLS) for the
amputated limb (15.2% of the GC) compared to the intact limb (10.1% of the GC) during
stair ascent (Powers et al., 1997). Since stance phase includes weight acceptance, it
suggests there is a delay in transferring weight onto the prosthetic limb (Perry &
Burnfield, 1992). However, the studies mentioned are utilizing older foot technology that
could influence results (Yack et al., 1999). The spatiotemporal differences in TTA during
stair ascent can further be explained by kinematic and kinetic adaptations.
Vertical ground reaction force. The vertical ground reaction force (VGRF) for
non-amputees is characterized by a rapid increase at initial contact on the stair and a
gradual decrease through midstance until DLS where it reaches the second maximum
peak (McFayden & Winter, 1988; Riener et al., 2002; Zachazewski et al., 1993). The
VGRF of TTA during stair ascent follows a similar biphasic pattern as observed in
walking, however differences in the amplitude of the VGRF exists between intact and
amputated limbs (Schmalz et al., 2007). During stance of stair ascent, the intact limb
experiences a higher initial peak VGRF than the amputated limb, and results in an
asymmetric loading pattern between limbs (Schmalz et al., 2007). The differences
observed between the amputated and intact limbs suggest TTA do not feel comfortable
loading the amputated limb.
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Anteroposterior ground reaction force. The anteroposterior GRF represents the
forces associated with braking and propulsion. McFayden et al. (1988) reported a small
transient peak in the anteroposterior force at initial contact on the stair but current
literature of non-amputees has not discussed this similar finding. In addition,
anteroposterior GRFs are relatively smaller during stair ascent than level-ground walking
(Riener et al., 2002). The reduction in these forces could be due to the increase vertical
motion to move the center of mass (CoM) up the stairs. During stance of stair ascent, the
intact limb experiences an increased braking force than the amputated limb and nonamputees (Schmalz et al., 2007).
Joint kinematics during stair ascent. In general, stair ascent requires an
increased range of motion (ROM) at the knee and hip than level-ground walking and stair
descent (Andriacchi et al., 1980; Riener et al., 2002). Riener et al. (2002) examined stair
ascent at different inclination angles and observed as inclination increased so did joint
angles at the knee and hip in non-amputees. The maximum hip joint flexion angle during
stair ascent at the maximum inclination (42°) was 12.4% greater than the minimum
inclination (24°) (Riener et al., 2002). Other studies have investigated the role of powered
foot prostheses during stair ascent and have reported asymmetries still persist between the
intact and amputated limb (Aldridge et al., 2012; Alimusaj, Fradet, Braatz, Gerner, &
Wolf, 2009).
Knee angle. During stair ascent stance of non-amputees, the knee is flexed (~60°)
at initial contact and moves towards knee extension from mid-stance to toe off
(Andriacchi et al., 1980; McFayden & Winter, 1988; Riener et al., 2002; Schmalz et al.,
2007). During stance with the amputated limb on the step, knee flexion at initial contact
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is reduced by approximately 7° compared to the intact limb and able-bodied individuals
(Schmalz et al., 2007). The rest of stance phase with the amputated limb has a similar
motion as non-amputees (Powers et al., 1997; Schmalz et al., 2007). Schmalz et al.
(2007) noted an important characteristic of intact limb knee motion during stance: the
knee angle reaches maximum extension after 55% of stance phase, occurring earlier than
non-amputees (Schmalz et al., 2007).
During swing of non-amputees, the knee flexes to clear the intermediate step
(Andriacchi et al., 1980; McFayden & Winter, 1988). The use of this strategy not only
brings the leg over the intermediate step but also keeps the foot clear and avoids trips on
the staircase. During swing of TTA, the knee follows a similar motion as non-amputees
with maximum knee flexion occurring during this phase (Aldridge et al., 2012; Powers et
al., 1997). Ramstrand et al. (2009) reported no significant differences regarding foot
placement or foot clearance between the amputated and intact limb during stair ascent.
The results from this study suggest TTA utilize a foot placement strategy similar to nonamputees and the incidence of falls during stair ambulation is not due to poor foot
placement (Ramstrand & Nilsson, 2009).
Hip angle. During stance of non-amputees, the hip follows a similar motion as the
knee and is flexed at initial contact then moves to extension through mid-stance and toe
off (Andriacchi et al., 1980; McFayden & Winter, 1988). Powers et al. (1997) observed
the greatest difference in hip flexion angle between TTA (22°) and non-amputees (9°)
occurred about 50% of the GC. The increase in hip flexion angle in TTA could be a
strategy utilized to prepare for swing phase since the ankle (prosthetic foot) lacks the
ability to dorsiflex and clear the intermediate step.
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During swing of non-amputees, the hip reaches its maximum flexion angle and
transitions to extension as the limb prepares to heel strike on the following step
(Andriacchi et al., 1980; McFayden & Winter, 1988). TTA follow a similar hip motion as
non-amputees and maximum flexion is reached during this phase (Aldridge et al., 2012;
Powers et al., 1997).
Joint kinetics during stair ascent. Joint kinetics such as moments and powers
provide insight into the muscles involved in the movement, however they are not always
representative of specific muscles activated during the movement.
Knee moment. During stance of non-amputees, a knee flexion moment is
produced and prior to toe-off the moment switches to an extension moment as the GRF is
now anterior to the knee joint (Andriacchi et al., 1980; McFayden & Winter, 1988). The
external moment created at the beginning of stance is opposite of the motion observed at
the knee (extension), thus the extensors of the knee are trying to balance the external
flexion moment while also extending the knee throughout stance (Andriacchi et al.,
1980). During stance with the amputated limb, there is a significantly reduced external
flexion moment (-0.28 ± 0.20 Nm/kg) compared to the increased external flexion moment
with the intact limb (-1.25 ± 0.16 Nm/kg) and non-amputees (-1.05 ± 0.26 Nm/kg)
(Schmalz et al., 2007). Yack et al. (1999) reported a dominant-knee extensor strategy
with the intact limb, which is similar to the strategy utilized by non-amputees. Knee
extension during stance in non-amputees highlights the significance of the knee extensors
to raise the individual’s center of mass (COM) and maintain their vertical position to pull
themselves up on the step (McFayden & Winter, 1988; Schmalz et al., 2007; Yack et al.,
1999). Earlier research in non-amputees has reported the knee extensors have the greatest
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contribution during the pull-up phase of stair ascent (Andriacchi et al., 1980; McFayden
& Winter, 1988).
Hip moment. During stance of non-amputees, the moment created at the hip is a
flexion moment through toe-off and the moment gradually decreases throughout the GC
but remains a flexion moment (Andriacchi et al., 1980; McFayden & Winter, 1988).
During stance with the amputated limb, there is an increased hip flexor moment (1.02 ±
0.18 Nm/kg) compared to the intact limb (0.60 ± 0.18 Nm/kg) and non-amputees (0.68 ±
0.13 Nm/kg) (Schmalz et al., 2007). Yack et al. (1999) reported during stance with the
amputated limb, a hip strategy is utilized due to the diminished role of the knee. There is
an increase in the magnitude of the moments with the amputated limb compared to the
intact limb, and suggests TTA rely on the hip extensor muscle to raise their COM (Yack
et al., 1999). The use of powered foot prosthesis does not diminish the hip-strategy
adopted during stair ascent by TTA (Aldridge et al., 2012).
Knee power. Stair ascent relies on concentric muscle actions and results in a
considerable amount of energy generation (McFayden & Winter, 1988; Yack et al.,
1999). During stance of non-amputees, the knee generates most of its energy during the
pull up phase and this is represented by a burst of positive power (K1) around 20% of the
GC (Andriacchi et al., 1980; Wilken et al., 2011). Another burst of positive power (K2)
occurs at toe-off and into early swing (McFayden & Winter, 1988). During stance with
the amputated limb, there is a reduction in power generation compared to the intact limb
and the knee does not have a large role during stance (Yack et al., 1999). Aldridge et al.
(2012) reported no significant differences in power production at the knee with the
powered prosthesis.
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Hip power. During stance of non-amputees, the hip generates all of its power
during the weight acceptance phase (H1) (McFayden & Winter, 1988). McFayden et al.
(1988) did not observe any further contributions from the hip throughout the rest of
stance, however during swing there is a positive power burst (H3) at foot clearance and
another positive power burst (H4) following foot placement. As previously mentioned,
TTA utilize a hip-extensor strategy with the amputated limb, thus, relying on the hip to
generate most of the power during stair ascent (Yack et al., 1999).
Ground Step
Most literature focusing on stair ascent has discussed kinetic and kinematic
changes once stair ascent has been initiated. There has been little research discussing the
motion occurring with the contralateral limb transitioning from the ground (i.e. floor) to
the second step on the staircase. Prior to raising the contralateral limb onto the step, the
limb on the ground is near full extension for the knee and hip at heel strike in able-bodied
individuals (Andriacchi et al., 1980). As the limb moves through mid-stance to toe-off,
the knee and hip remain an extended position as the contralateral limb prepares for
contact on the stair (Andriacchi et al., 1980). During swing, the knee and hip reach peak
flexion and transition to extension prior to contact with the second stair (Andriacchi et al.,
1980). There has been little research on the ground limb in TTA.
Purpose of Study
Previous literature has focused on other components of the prosthetic such as feet
(powered and unpowered) (Torburn et al., 1994; Yack et al., 1999); however there have
been no studies that discusses the influence of suspension systems during stair ascent.
The differences between suspension systems has been documented in walking (Board et
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al., 2001; Eshraghi et al., 2014; Gholizadeh, Abu Osman, Eshraghi, & Ali, 2014; Klute et
al., 2011), which suggests differences could exist during stair ascent.
The purpose of this study was to compare PUCK and PIN suspension systems
during stair ascent. Investigating the role of suspension systems during stair ascent could
provide insight for gait rehabilitation programs, prosthetic design, and mechanisms
utilized by TTA to ascend the stairs. Previous work has identified differences between
suspension systems in regards to increased pistoning with the PIN (Klute et al., 2011);
residual limb volume stability with the vacuum (Board et al., 2001; Gerschutz et al.,
2010; Street, 2006). A suspension system that provides a secure attachment and mobility
improvements in gait could be beneficial for TTA in carrying out ADLs.
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CHAPTER III
METHODS
This study is in collaboration with prosthetists at Adaptec Prosthetics in Littleton,
CO who developed the PUCK technology. Participants were recruited via their clinic and
from the Northern Colorado region. Participants were randomized into two groups; half
of the participants were first tested in their original system and the other half were first
tested in the PUCK suspension system. Following the first testing, participants underwent
one week of acclimatization to the suspension system they were not originally tested in.
Participants then returned to the lab for testing in the second suspension system.
Prosthetists at Adaptec Prosthetics conducted the fitting of a new prosthetic socket for
each condition. Inclusion criteria included: No concomitant musculoskeletal,
neurological, or visual impairments; currently utilizes a lock and pin, suction, or vacuum
suspension system; rated at levels K3 and K4 of function; a healthy residual limb (i.e. No
pressure sores or ulcers); at least 6 months of experience in their current lower-limb
prosthesis; able to walk for 10 minutes continuously without assistance; maintain some
degree of physical activity either in their vocational or daily activities; and TTA resulting
from trauma, bone cancer, or birth defect.
Instruments
The setup of the Biomechanics Lab includes a 10-camera motion capture system
to collect kinematic data at 100 Hz (Vicon, Oxford, UK), and kinetic data was measured
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at 2000 Hz by three force plates. Two of the plates are embedded into a tandem-belt
instrumented treadmill and the third plate is embedded into the first step of the 4-step
staircase (AMTI, Watertown, MA, USA). The orientation of the plates allowed forces on
the ground (GROUND) prior to the staircase and the forces on the first step (STAIR) to
be collected. The staircase consists of four steps enclosed with handrails as a safety
measure, and a platform at the top to provide an area for participants to turnaround
(Figure 3.1). The dimensions of the staircase are 19.5 centimeter (rise) by 27.5 (tread)
and 1 meter wide. The walkway leading up to the staircase that participants walked
across was ~9 feet long.
Procedure
This study obtained approval by the Institutional Review Board at the University
of Northern Colorado. Prior to data collection, an informed consent was presented
verbally and written consent of the participant was obtained. All data collections were
conducted in the Biomechanics Lab at the University of Northern Colorado in Gunter
Hall and participants were asked to come to the Biomechanics Lab twice for assessment
of each socket suspension system.
Participants were asked to change into tight-fitting clothing for data collection.
Retroreflective markers were placed with toupee tape and electrode tape collars on
anatomical landmarks of the whole body including: 40 individual markers, six lowerextremity cluster plates, and four upper-extremity cluster plates. Anthropometrics (i.e.
Height, mass, and mass of the prosthetic limb) and general history such as amputation
etiology and specifications of current suspension system were asked.
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Participants were instructed to ascend the stairs at a freely chosen pace as they
normally would ascend a staircase and were asked to not use the handrail. Prior to data
collection, participants were allowed to practice ascending the stairs. During practice
trials, the starting position of the participant was adjusted to ensure there were defined
heel strikes on each force plate. Once the participant felt comfortable with the task, data
collection began. There were five trials collected with the intact limb on the GROUND
and the amputated limb on the STAIR. There were five trials collected with the intact
limb on the STAIR and the amputated limb on the GROUND.

Stair

Ground

Figure 3.1. Staircase design. Two plates were embedded in the ground and one
plate was embedded into the first step of the staircase.
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Data Analysis
Variables analyzed to quantify the potential differences between the PUCK and
PIN suspension systems were sagittal plane kinematics and kinetics such as joint angles,
moments, and powers at the knee and hip joints. The GROUND step and STAIR step
were analyzed independently.
Kinematic and kinetic data were low-pass filtered using a fourth-order, zero-lag
Butterworth digital filter to 6 Hz for marker trajectories and 50 Hz for GRFs. A specific
model was created to account for inertial properties of the shank and foot of the
amputated limb (Ferris, Smith, Heise, Hinrichs, & Martin, 2017). This model was used to
calculate kinematics and combined with the GRFs to calculate joint moments and powers
using inverse dynamics (C-motion, Germantown, MD). Joint work was calculated as the
time integration of joint power. Kinematic data such as joint angles were obtained from
position data. Only three trials of each step condition (i.e. Intact limb on
GROUND/STAIR and amputated limb on GROUND/STAIR) were used for analysis.
The GRFs were indicated as a percent of body weight (%BW) and joint moments were
normalized to body mass. All data was normalized to the gait cycle and averaged across
the three trials of each step condition.
Statistical Analysis
A repeated measures MANOVA with planned contrasts was used to test the
differences between the PUCK and pin suspension systems for kinematic and kinetic
variables. Significance level was set to 0.05. The step conditions analyzed were: 1)
Prosthetic limb on the GROUND, 2) Intact limb on the STAIR, 3) Intact limb on the
GROUND, and 4) Prosthetic limb on the STAIR.
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CHAPTER IV
RESULTS
Five individuals with TTA participated in this study (93.82 ± 18.26 kg, 1.75 ±
0.10 m, 58 ± 12 years) and all participants were able to negotiate the 4-step staircase
without use of the handrails. The results section will be presented as follows: results for
the steps on the GROUND and results for the steps on the STAIR.
Ground Results
Ankle Angle

GROUND Ankle Angle

Dorsiflexion
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Plantarflexion

Joint Angle (Degrees)
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Gait Cycle
Figure 4.1. Mean ankle angles for PIN and PUCK suspension systems during steps on the
GROUND (0% is heel strike on level ground and 100% is heel strike on the second step)
across all participants. Toe-off occurs around 60%.
**Significant difference between PUCK amputated and intact; ‡ Significant difference
between PIN amputated and intact
-20

A significant model effect was found for the ankle angle during toe-off (p <
0.0001, F(3) = 78.49), ankle range of motion (ROM) throughout the gait cycle (p <
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0.001, F(3) = 18.13) (Table 4.1), ankle ROM during stance (p < 0.001, F(3) = 11.74)
(Table 4.2), and ankle ROM during swing (p < 0.001, F(3) = 34.38) (Table 4.3). There
were no significant differences between PIN and PUCK suspension systems for the ankle
joint during steps on the GROUND. The ankle of the intact limb was more plantar flexed
at toe-off than the ankle of the amputated limb for both suspension systems (p < 0.001)
(Figure 4.1). The ankle of the intact limb went through a larger ROM throughout the GC
than the amputated limbs for both suspension systems (p < 0.001) (Table 4.1). The ankle
of the intact limb went through a larger ROM during stance phase than the amputated
limbs for both suspension systems (p < 0.001, F(3) = 11.74) (Table 4.2). The ankle of the
intact limb went through a larger ROM during swing phase than the amputated limbs for
both suspension systems (p < 0.001, F(3) = 34.38) (Table 4.3).
Table 4.1.
Mean range of motion throughout the gait cycle for the ankle, knee, and hip in degrees
(mean ± SD) for the GROUND (heel strike on level ground to heel strike on the second
step) for both limbs and suspension systems across all participants.
Amputated

Intact

PUCK
PIN
PUCK
Ankle ROM
20.79 ± 7.32
20.18 ± 8.32
43.15 ± 4.00*
Knee ROM
69.48 ± 7.39
81.73 ± 10.91
82.39 ± 6.96*
Hip ROM
70.66 ± 7.68
74.48 ± 6.32
59.43 ± 6.74*
Note. * Significant difference between PUCK amputated and intact
† Significant difference between PIN amputated and intact

PIN
41.35 ± 6.01†
85.23 ± 6.58†
61.39 ± 7.42†
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Figure 4.2. Mean knee angle for PIN and PUCK suspension systems during steps on the
GROUND (0% is heel strike on level ground and 100% is heel strike on the second step)
across all participants. Toe-off is unique to each of the four limbs and occurs between
50% and 60%.
**Significant difference between PUCK amputated and intact
A significant model effect was found for peak knee flexion during swing phase (p
= 0.030, F(3) = 3.84), ROM throughout the gait cycle (p = 0.035, F(3) = 3.68) (Table
4.1), and ROM during swing (p = 0.019, F(3) = 4.44) (Table 4.3). There was a significant
difference between PUCK and PIN amputated limbs with the PIN amputated limb going
through a larger ROM than the PUCK amputated limb (p = 0.030, F(3) = 5.65) for knee
ROM throughout the gait cycle (Table 4.1). Although not statistically significant, peak
knee flexion during swing phase approached significance (p = 0.059, F(1) = 4.12) with
the PIN amputated limb being more flexed than the PUCK amputated limb during steps
on the ground (Figure 4.2). Although not statistically significant, knee ROM during
swing approached significance with the knee of the PIN amputated limb had a larger
ROM than the knee of the PUCK amputated limb (p = 0.089, F(1) = 3.28) (Table 4.3).
Inter-limb differences were only significant for the PUCK suspension system. The
knee of the PUCK intact limb was more flexed during swing phase than the PUCK
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amputated limb (p = 0.030, F(3) = 3.84) (Figure 4.2). Knee ROM throughout the gait
cycle was reduced for the PUCK amputated limb compared to the PUCK intact limb (p =
0.035, F(3) = 3.68) (Table 4.1). The knee of the PUCK intact limb went through a larger
ROM during swing phase than the PUCK amputated limb (p = 0.019 F(3) = 4.44) (Table
4.3).
Table 4.2.
Mean range of motion during stance phase for the ankle, knee, and hip in degrees (mean
± SD) for the GROUND (heel strike on level ground to heel strike on the second step) for
both limbs and suspension systems across all participants.
Amputated
PUCK

Intact
PIN

PUCK

Ankle ROM
20.78 ± 7.32
20.18 ± 8.32
36.82 ± 3.96*
Stance
Knee ROM
18.20 ± 5.23
21.09 ± 5.44
16.51 ± 5.35
Stance
Hip ROM
34.67 ± 8.77
34.48 ± 8.32
22.85 ± 7.12*
Stance
Note. * Significant difference between PUCK amputated and intact
† Significantly difference between PIN amputated and intact

PIN
36.62 ± 3.35†
18.28 ± 8.23
25.37 ± 3.79†
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Figure 4.3. Mean hip angle for PIN and PUCK suspension systems during steps on the
GROUND (0% is heel strike on level ground and 100% is heel strike on the second step)
across all participants. Toe-off is unique to each of the four limbs and occurs between
50% and 60%.
A significant model effect was found for ROM throughout the gait cycle (p =
0.010, F(3) = 5.25) (Table 4.1), ROM during stance phase (p = 0.025, F(3) = 4.08) (Table
4.2), and ROM during swing phase (p = 0.029, F(3) = 3.91) (Table 4.3). There were no
significant differences between PIN and PUCK suspension systems for the hip joint
during steps on the GROUND. The hip of the amputated limb went through a larger
ROM throughout the GC than the hip of the intact limb for both suspension systems (p =
0.010, F(3) = 5.25) (Table 4.1). The hip of the amputated limb went through a larger
ROM during stance phase than the intact limb for both suspension systems (p = 0.025,
F(3) = 4.08) (Table 4.2). The hip of the PIN amputated limb went through a greater ROM
during swing phase than the PIN intact limb (p = 0.029, F(3) = 3.91) (Table 4.3).
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Table 4.3.
Mean range of motion during swing phase for the ankle, knee, and hip in degrees (mean
± SD) for the GROUND (heel strike on level ground to heel strike on the second step) for
both limbs and suspension systems across all participants.
Amputated

Intact

PUCK
PIN
PUCK
Ankle ROM
4.05 ± 1.72
5.48 ± 4.44
42.19 ± 5.40*
Swing
Knee ROM
54.75 ± 10.51 63.49 ± 9.67
69.85 ± 3.96*
Swing
Hip ROM
63.52 ± 5.99
66.82 ± 5.17
53.72 ± 7.04
Swing
Note. * Significant difference between PUCK amputated and intact
† Significant difference between PIN amputated and intact

PIN
37.63 ± 13.68†
70.00 ± 3.58
54.53 ± 10.30†

Net Joint Work
Net joint work is the sum of positive and negative work. A significant model
effect was found for net joint work at the ankle (p < 0.001, F(3) = 20.17), knee (p <
0.001, F(3) = 15.92), and hip (p = 0.009, F(3) = 5.34) (Figure 4.4). There were no
significant differences between PIN and PUCK suspension systems for net joint work at
the ankle, knee, and hip. However, differences existed between amputated and intact
limbs for the ankle, knee, and hip net work. Net ankle work was significantly larger (p <
0.001, F(3) = 20.17) for the intact limb than the amputated limb for both suspension
systems (Figure 4.4). The intact limb produced significantly larger net knee work (p <
0.001, F(3) = 15.92) than the amputated limbs for both suspension systems (Figure 4.4).
Net hip work was significantly larger (p = 0.009, F(3) = 5.34) for the amputated limb
than the intact limb for both suspension systems (Figure 4.4).
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Figure 4.4. Mean net joint work for the ankle, knee, and hip for the GROUND (heel
strike on level ground to heel strike on the second step) across all participants.
*Significant difference between PUCK amputated and intact; †Significant difference
between PIN amputated and intact
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Positive Joint Work
A significant model effect was found for positive joint work at the ankle (p <
0.001, F(3) = 11.72), knee (p = 0.025, F(3) = 4.09), and hip (p < 0.001, F(3) = 11.83)
(Table 4.4). There were no significant differences found between PIN and PUCK
suspension systems for positive joint work at the ankle, knee, and hip. However,
differences between the amputated and intact limbs existed for the ankle and knee
positive work. The intact limb produced more positive ankle work than the amputated
limb for both suspension systems (p < 0.001, F(3) = 11.72) (Table 4.4). Positive knee
work was greater in the PIN intact limb than the PIN amputated limb (p < 0.001, F(1) =
9.48) (Table 4.4). The amputated limb produced more positive hip work than the intact
limb for both suspension systems (p < 0.001, F(3) = 11.83) (Table 4.4).
Negative Joint Work
A significant model effect was found for negative knee joint work (p = 0.039,
F(3) = 3.50) (Table 4.4). There were no significant differences found between PIN and
PUCK suspension systems for negative joint work at the ankle, knee, and hip. However,
differences existed between the amputated and intact limbs for the negative knee joint
work. The intact limbs produced less negative knee joint work than the amputated limbs
for both suspension systems (p = 0.039, F(3) = 3.50) (Table 4.4).
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Table 4.4.
Mean positive and negative joint work (JKg-1) on the GROUND (heel strike on level
ground to heel strike on the second step) across all participants. Data shown mean ± SD.
Amputated
Ankle

Intact

Knee

Hip
Ankle
Knee
Positive Work
0.09 ±
0.05 ±
0.36 ±
0.51 ±
0.13 ±
PIN
0.07
0.04
0.07
0.21†
0.03†
0.16 ±
0.06 ±
0.34 ±
0.64 ±
0.10 ±
PUCK
0.14
0.05
0.11
0.26*
0.04
Negative Work
-0.19 ±
-0.14 ±
-0.08 ±
-0.12 ±
-0.07 ±
PIN
0.10
0.03
0.06
0.09
0.04†
-0.28 ±
-0.13 ±
-0.10 ±
-0.17 ±
-0.07 ±
PUCK
0.08
0.06
0.05
0.08
0.04*
Note. * Significant difference between PUCK amputated and intact
† Significant difference between PIN amputated and intact

Hip
0.16 ±
0.05†
0.10 ±
0.04*
-0.07 ±
0.06
-0.06 ±
0.03

Total Joint Work
Total work is the sum of the positive work and the absolute value of the negative
work. A significant model effect was found for total joint work at the ankle (p = 0.031,
F(1) = 3.83) and hip (p < 0.001, F(1) = 11.67) (Figure 4.5). There were no significant
differences found between PIN and PUCK suspension systems for total joint work at the
ankle, knee, and hip. However, significant differences existed between the amputated and
intact limbs for the ankle and hip total joint work. Total ankle joint work was
significantly larger (p = 0.031, F(1) = 3.83) for the intact limbs than the amputated limbs
for both suspension systems (Figure 4.5). The amputated limb produced significantly (p <
0.001, F(1) = 11.67) more total hip joint work than the intact limbs for both suspension
systems (Figure 4.5). Total knee joint work was not significantly different between
amputated and intact limbs.
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Figure 4.5. Mean total joint work for the ankle, knee, and hip for the GROUND (heel
strike on level ground to heel strike on the second step) across all participants.
* Significant difference between PUCK amputated and intact; † Significant difference
between PIN amputated and intact

43
STAIR Results
Ankle Angle
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Figure 4.6. Ankle angle for PUCK 07 for PIN and PUCK suspension systems during
steps on the STAIRS (0% is heel strike on first step and 100% is heel strike on third
step). Toe-off is unique to each of the four limbs and occurs between 60% and 65%.
** Significant difference from PUCK amputated and intact; ‡ Significant difference from
PIN amputated and intact
A significant model effect was found for the ankle angle during toe-off (p < 0.001,
F(3) = 40.33) (Figure 4.6). There were no significant differences between PIN and PUCK
suspension systems for the ankle joint during steps on the STAIR. The ankle of the intact
limb was more plantar flexed at toe-off than the ankle of the amputated limb for both
suspension systems (p < 0.001, F(3) = 40.33) (Figure 4.6).
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Figure 4.7. Mean knee angle for PIN and PUCK suspension systems during steps on the
STAIRS (0% is heel strike on first step and 100% is heel strike on third step) across all
participants. Toe-off is unique to each of the four limbs and occurs between 55% and 65%.
A significant model effect (p = 0.042, F(3) = 3.55) was found for knee ROM
throughout the GC on the stairs (Figure 4.7). There were no significant differences between
PIN and PUCK suspension systems for the knee joint during steps on the STAIR. Although
not statistically significant (p = 0.076, F(1) = 3.67), the amount of knee ROM approached
significance for PUCK and PIN amputated limbs with the PIN amputated limb having a
larger knee ROM than the PUCK amputated limb (Figure 4.7). The amount of knee ROM
throughout the gait cycle was larger for the knee of the PUCK intact limb than the PUCK
amputated limb (p = 0.009, F(1) = 8.89) (Figure 4.7).
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Hip Angle
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Figure 4.8. Mean hip angle for PIN and PUCK suspension systems during steps on the
STAIRS (0% is heel strike on first step and 100% is heel strike on third step) across all
participants. Toe-off is unique to each of the four limbs and occurs between 55% and 65%.
There were no significant differences between suspension systems or limbs for the
hip angle during steps on the stairs (Figure 4.8).
Net Joint Work
A significant model effect was found between amputated and intact limbs for net
joint work at the ankle (p < 0.0001, F(3) = 18.34) and knee (p = 0.0284, F(3) = 4.07)
(Figure 4.9). There were no significant differences found between suspension systems for
net joint work at the ankle, knee, and hip. However, differences existed between limbs for
net joint work for the ankle and knee. The intact limb produced more net ankle joint work
than the amputated limb for both suspension systems (p < 0.0001 F(3) = 18.34) (Figure
4.9). At the knee, the PIN intact limb produced more net knee joint work than the PIN
amputated limb (p = 0.007, F(1) = 10.22). Net hip joint work was not significantly larger
between amputated and intact limbs (Figure 4.9).
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Figure 4.9. Mean net joint work for the ankle, knee, and hip for the STAIRS (heel strike
on the first step to heel strike on the second step) across all participants.
* Significantly different from PUCK amputated; † Significantly different from PIN
amputated
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Positive Joint Work
A significant model effect was found for positive joint work at the ankle (p < 0.001,
F(3) = 11.72) and knee (p = 0.047, F(3) = 3.43) (Table 4.5). There were no significant
differences found between suspension systems for positive joint work at the ankle, knee,
and hip. However, differences existed between limbs for the ankle and knee for positive
work. The intact limb produced more positive ankle joint work than the amputated limb
for both suspension systems (p < 0.001, F(3) = 11.72) (Table 4.5). Positive knee work was
produced more by the PIN intact limb than the PIN amputated limb (p = 0.010, F(1) = 8.75)
(Table 4.5).
Negative Joint Work
There were no significant differences found between suspension systems or limbs
for negative joint work at the ankle, knee, and hip (Table 4.5).
Table 4.5.
Mean positive and negative joint work (JKg-1) on the STAIR (heel strike on the first step
to heel strike on the second step) across all participants. Data shown mean ± SD.
Amputated
Ankle

Knee

Hip
Ankle
Positive Work
0.09 ±
0.19 ±
0.58 ±
0.61 ±
PIN
0.05
0.08
0.31
0.24†
0.14 ±
0.42 ±
0.47 ±
0.70 ±
PUCK
0.07
0.22
0.15
0.21*
Negative Work
-0.09 ±
-0.10 ±
-0.06 ±
-0.15 ±
PIN
0.05
0.04
0.04
0.08
-0.10 ±
-0.11 ±
-0.06 ±
-0.14 ±
PUCK
0.10
0.05
0.03
0.09
Note. * Significantly different from PUCK amputated
† Significantly different from PIN amputated

Intact
Knee

Hip

0.62 ±
0.27†
0.59 ±
0.37

0.25 ±
0.12
0.27 ±
0.12

-0.06 ±
0.03
-0.07 ±
0.03

-0.05 ±
0.03
-0.04 ±
0.02
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Total Joint Work
A significant model effect was found for total joint work at the ankle (p = 0.017,
F(3) = 4.78) and hip (p = 0.048, F(3) = 3.38) (Figure 4.10). There were no significant
differences found between suspension systems for total joint work at the ankle, knee, and
hip. However, significant differences existed between limbs for ankle and hip total joint
work. Total ankle joint work was significantly larger (p = 0.017, F(3) = 4.78) for the
intact limb than amputated limb for both suspension systems (Figure 4.10). The PIN
amputated limb produced more total hip work than the PUCK intact limb (p = 0.011, F(1)
= 8.46) (Figure 4.10). Although not statistically significant, total hip work was larger for
the amputated limb than the intact limb for both PIN (p = 0.058, F(1) = 4.27) and PUCK
(p = 0.063, F(1) = 4.10) suspension systems (Figure 4.10). There were no significant
differences between amputated and intact limbs for total knee work.
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Figure 4.10. Mean total joint work for the ankle, knee, and hip for the STAIRS (heel
strike on the first step to heel strike on the second step) across all participants.
* Significantly different from PUCK amputated; † Significantly different from PIN
amputated
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CHAPTER V
DISCUSSION AND CONCLUSION
The purpose of this study was to determine if biomechanical differences existed
between PIN and PUCK suspension systems during stair ascent. The initial null
hypothesis that no differences would exist between PIN and PUCK suspension system
was partially supported. The task was analyzed in two phases; GROUND (stride from
level ground to second step) and on the STAIR (stride from first to third step). The
analysis approach used in the study is unique in that the GROUND stride has not been
combined with the STAIR stride. Additionally, suspension systems have not been
examined in this scenario. Joint kinematics and kinetics at the ankle, knee, and hip were
mostly similar in magnitude to that of level over-ground walking (Bateni & Olney, 2002;
Eshraghi et al., 2014; Gholizadeh, Osman, Eshraghi, & Razak, 2014; Torburn, Perry,
Ayyappa & Shanfield, 1990) and stair ascent (Aldridge et al., 2012; Alimusaj et al., 2009;
Fradet, Alimusaj, Braatz, & Wolf, 2010; Powers et al., 1997; Schmalz et al., 2007). The
one area where the null hypothesis was not supported was found in the kinematics of the
knee joint.
Differences in suspension systems were most notable in the knee ROM during
steps on the GROUND. The PIN amputated limb exhibited greater ROM than the PUCK
amputated limb (Table 4.1). The greatest difference appears in mid swing phase (Figure
4.2) with the PIN suspension system going through greater flexion. The reduction in knee
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joint ROM observed in the PUCK amputated limb could be attributed to the neoprene
sleeve worn with the PUCK system; this sleeve may have limited motion at the knee. The
knee ROM for the PUCK amputated limb is quite similar to previously reported values
(e.g. 70.68° reported by Eshraghi et al. (2014)), whereas the PIN suspension system
showed a knee ROM about 10° higher. The reductions in ROM with the PUCK
suspension system could also reflect the TTA having better control over the amputated
limb. The PUCK creates a negative pressure within the socket resulting in tissue
perfusion, which could lead to an increase in proprioception and, ultimately, more control
over a prosthetic limb.
For both steps on the GROUND and STAIR, a hip-dominant strategy was utilized
by TTA, which is consistent with literature (Aldridge et al., 2012; Alimusaj et al., 2009;
Bateni & Olney, 2002; Fradet et al., 2010; Sagawa et al., 2011; Schmalz et al., 2007;
Yack et al., 1999). The hip of the amputated limb is used by TTA to compensate for the
loss of the biological ankle, and the reduction of knee ROM and knee joint power
(Aldridge et al., 2012; Fradet et al., 2010; Schmalz et al., 2007; Yack et al., 1999).
Having said this, a qualitative assessment of power profiles is useful to better understand
joint work and is presented here in the discussion.
Similar to previous over-ground walking literature (Bateni & Olney, 2002; Winter
& Sienko, 1988), a strong H3 power burst was observed at the hip of the amputated limb
during swing (Figure 5.1C) and corresponds with the increased positive work produced
by the amputated limb. This could be a compensation strategy used by TTA as a result of
the reduction in knee musculature of the amputated limb. It suggests TTA utilize the hip
of the amputated limb through swing phase since ankle and knee mechanisms are

52
diminished (Bateni & Olney, 2002; Sagawa et al., 2011). The amputated and intact limbs
produce low levels of knee power for both suspension systems throughout the entire gait
cycle during steps on the GROUND (Figure 5.1B). Therefore, an increased demand is
placed on the hip muscles to generate power during steps on the GROUND and assist in
raising the body’s center of mass onto the stair step.
The hip of the amputated limb is generating most of the power during the weight
acceptance and pull-up phase of stair ascent (Figure 5.1C). This is important as it
suggests that the amputated limb is assisting in lifting the body up onto the stair during
ascent rather than relying on the intact limb to push the body up onto the stair. The use of
the hip of the amputated limb during the initial phases of stair ascent reflects the effects
of the diminished knee activity. During stair ascent of able-bodied individuals, the knee
generates most of the power at weight acceptance and pull-up (McFayden & Winter,
1988). Yack et al. (1999) suggested TTA utilize the knee of the amputated limb for
stability and balance instead of power generation, which is why the hip of the amputated
limb is more greatly utilized (Figure 5.1C). The hip of the amputated limb produced
about twice as much positive work as the intact limb for both suspension systems during
steps on the STAIR (Table 4.5). This difference was not statistically significant (PUCK, p
= 0.155 and PIN, p = 0.125) (Table 4.5).
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Figure 5.1. Mean joint powers for the ankle (A), knee (B), and hip (C) for GROUND and STAIR strides across all participants.
Data are normalized to body mass. For the GROUND, 0% is heel strike on level ground and 100% is heel strike on the second
step. For the STAIR, 0% is heel strike on the first step and 100% is heel strike on the third step. Toe-off is unique to each of
the four limbs and occurs between 60% and 75%.
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Inter-limb differences at the ankle persisted for joint work during steps on the
GROUND and STAIR (Figure 5.1A). The differences observed at the ankle joint was an
anticipated finding since the prosthetic foot is unable to move through the same motion
and produce similar power output as the biological ankle. It suggests the ankle of the
amputated limb is not influenced by type of suspension system but the design properties
(i.e. stiffness and energy storing capabilities) of the prosthetic foot have a greater
influence (Eshraghi et al., 2014). Recently, research has focused on the use of a powered
prosthesis (Aldridge et al., 2012; Alimusaj et al., 2009; Au, Berniker, & Herr, 2008)
during stair ascent but these researchers have reported the increase in motion and power
by the prosthesis does fundamentally change the limb asymmetries and hip-dominant
strategy of the amputated limb.
The joint power of the knee across the gait cycle (Figure 5.1B) helps explain the
joint work. The total work at the knee was similar between limbs (Figure 4.5) whereas
the net work was significantly different. On the GROUND, the intact limbs for both
suspension systems generated power during knee flexion of early swing whereas the
amputated limb for both suspension systems absorbed power during the same timeframe
(see figure 5.1B immediately after toe off). This drastic difference in joint power between
limbs explains the difference in net work. The power absorption at the knee corresponds
with the amount of negative work done, which was greater in the amputated limb than
intact limb for both suspension systems. Functionally, the loss or reduction of knee
extensor musculature may explain this opposite power profile. In addition, the greater hip
power in the amputated limb during this same period may also aid in knee flexion.
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The knee of the PIN intact limb produced more positive work during STAIR and
this corresponds with the increased power produced during the pull-up phase by the PIN
intact limb (Figure 5.1B). There is diminished power generation across the knee of the
amputated limb during the pull-up phase (~25%), which is consistent with previous
literature (Aldridge et al., 2012; Yack et al., 1999) (Figure 5.1B). As stated previously,
this could be a strategy utilized by amputees to maintain stability and balance at the knee
joint as the center of mass is raised onto the step (Yack et al., 1999). It also reflects how a
passive prosthesis influences knee kinematics. Alimusaj et al. (2009) reported an increase
in maximal knee extension power with the use of a powered foot prosthesis. This
suggests TTA do not use the full capacity while wearing a passive prosthesis.
Although differences were found between suspension systems and limbs,
limitations existed for this current study. The sample size used for this analysis may have
been a limiting factor. There were some comparisons approaching significance and a
larger sample size could make those comparisons significant. The prosthetic foot used in
the current study was the same model between suspension systems. However, the foot
was not the same between participants. If the foot was the same model between
participants this could provide more insight into how suspension systems influence
kinematic and kinetic components of the ankle joint. There was also a difference among
the participants in the amount of time spent in the PIN and PUCK suspension system. For
example, one participant had been using the PIN suspension system for 28 years
compared to another participant who had been using the system for one and half months.
This could have influenced joint kinematic and kinetics because some participants might
have been more comfortable in their suspension system than other participant. The
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number of attempted trials was 20-30 for four of the five participants, whereas the fifth
participant attempted nearly twice that amount. His fatigue level was likely greater. As
with all amputated-related research, variability among participants, with respect to
previous activity levels, time-since-amputation, and amputation technique, was
noteworthy. Future work would benefit from knowing the pressure within the socket and
the influence this may have on other biomechanical measures.
To conclude, the current study contributes to the body of literature by determining
if biomechanical differences exist between PUCK and PIN suspension systems during
stair ascent. The only difference between suspension systems was observed at the knee
during steps on the GROUND, which showed the PUCK amputated limb has a reduction
in knee ROM compared to the PIN amputated limb. Inter-limb differences were present
at the ankle, knee, and hip with both suspension systems during steps on the GROUND
an STAIR. In general, the amputated limbs behaved similarly during both of these tasks
with only notable differences between suspension systems at the knee of the amputated
limb.
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